Single-molecule electronic devices offer unique opportunities to investigate the properties of individual molecules that are not accessible in conventional ensemble experiments. However, these investigations remain challenging because they require (i) highly precise device fabrication to incorporate single molecules and (ii) sufficient time resolution to be able to make fast molecular dynamic measurements. We demonstrate a graphene-molecule single-molecule junction that is capable of probing the thermodynamic and kinetic parameters of a host-guest complex. By covalently integrating a conjugated molecular wire with a pendent crown ether into graphene point contacts, we can transduce the physical [2]pseudorotaxane (de)formation processes between the electron-rich crown ether and a dicationic guest into real-time electrical signals. The conductance of the single-molecule junction reveals two-level fluctuations that are highly dependent on temperature and solvent environments, affording a nondestructive means of quantitatively determining the binding and rate constants, as well as the activation energies, for host-guest complexes. The thermodynamic processes reveal the host-guest binding to be enthalpy-driven and are consistent with conventional 1 H nuclear magnetic resonance titration experiments. This electronic device opens up a new route to developing single-molecule dynamics investigations with microsecond resolution for a broad range of chemical and biochemical applications.
INTRODUCTION
Since the inception of the donor-s-acceptor molecular rectifier model in 1974 (1), molecular-level electronic devices have both experimentally and theoretically exhibited rapid growth (2) (3) (4) (5) (6) (7) . These advances demonstrate that the science of molecular electronics has become a multidisciplinary arena in which scientists can explore new fundamental concepts, starting from simple descriptions of charge transport and branching out in the direction of applications, including conductance switching (8) , rectification (5, 9) , quantum interference effects (10, 11) , electroluminescence (12) , thermoelectrics (13) , molecular spintronics (14) , biosensing (15) , and memory devices (16) . In combination with the abundant diversity of rationally designed molecules, the establishment of functional molecular circuits not only boosts the development of both device fabrication techniques and fundamental understanding of novel quantum effects, but also foresees new breakthroughs in the discovery of physical phenomena at the single-event or single-molecule level that are not accessible in ensemble experiments. Several previous investigations have focused on single-molecule electrical measurements of biomolecular interactions using nanowires (17, 18) , nanotubes (19) (20) (21) , mechanical cantilevers (22) , nanopores (23) , and scanning tunneling microscope break junctions (24) .
Among different molecular transport junctions (25) (26) (27) (28) (29) (30) , carbon electrode-molecule single-molecule junctions (CEM-SMJs), where carbon nanomaterials, such as single-walled carbon nanotubes (31) and graphene (32, 33) , are used as point contacts, are particularly attractive. This is because of (i) the unique properties of carbon electrodes (especially graphene), (ii) the ease of device fabrication, and (iii) the device reproducibility and stability. These CEM-SMJs hold great promise when it comes to realizing functional molecular devices that can convert intermolecular interactions or molecular behaviors, such as DNA hybridization, deoxyribozyme cleavage, DNA-protein interactions, and conformationally induced switching, into tangible electrical signals stemming from single-molecule recognition (15, 20, 21) , thus rendering CEM-SMJs a reliable molecular electronics platform for practical applications (6) . In this investigation, we demonstrate the capability of a graphene-molecule SMJ to probe the thermodynamic and kinetic parameters of single-event noncovalent bonding interactions between a crown ether and an electron-deficient guest. Among the early synthetic host-guest systems, the binding between crown ethers and cationic guests has been well studied by ultraviolet-visible spectroscopy (34) (35) (36) , isothermal titration calorimetry (37) , and nuclear magnetic resonance (NMR) titration protocols (38, 39) . These techniques are snapshots of the average behavior of molecular ensembles in solution at the micromolar/nanomolar level. By contrast, the CEM-SMJ approach takes advantage of the ultrasensitive single-molecule conductance, which can be modulated by the (de)complexation between the host situated in an SMJ and cationic guest molecules in solution, to transduce intermolecular interactions into electrical current signals with high bandwidth and signal-to-noise ratios. These results open up unique opportunities to study the stochastic and dynamic nature of molecular recognition processes in both chemical and biological systems with significant advantages, such as simple fabrication, low cost, no fluorescent labeling/bleaching problems, and direct real-time measurements at single-molecule sensitivity levels.
RESULTS AND DISCUSSION
Device fabrication and solid-state electrical characterization Single-layered graphene was prepared on copper foils by a chemical vapor deposition process and transferred onto silicon wafers with a 300-nm layer of thermally grown silicon oxide (SiO 2 ) on the surface ( fig. S1 ). Then, metal electrode arrays (8 nm/60 nm, Cr/Au) were patterned through photolithography and thermal evaporation ( fig. S2 ), followed by electron beam evaporation of a 50-nm-thick SiO 2 layer to passivate metal electrodes. By using ultrahigh-resolution electron beam lithography (see Materials and Methods) (32), we adopted a DesignCAD file with a 5-nm-width dash line to open a window precursor in a spin-cast layer of polymethylmethacrylate. An indented nanogap array ( fig. S3 ) was subsequently formed on the graphene layer between two adjacent gold electrodes by using oxygen plasma etching, resulting in graphene open circuits with carboxylic acidterminated graphene point contacts (Fig. 1A ) that were applied as the platform for the following SMJ investigations. To provide single-molecule functional units, a rigid and conjugated organic strut incorporating bis-p-phenylene [34] crown-10 (BPP34C10) and two terminal amine handles, namely, BPP34C10DAM, was designed and synthesized (scheme S1). This functional component was subsequently used to bridge nanogapped graphene point contacts (Fig. 1B) by covalently linking the amino substituents on BPP34C10DAM with carboxylic groups on the edges of graphene sheets using a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) coupling protocol. The successful establishment of BPP34C10-SMJs was indicated by the resurgence of electrical current (Fig. 1D , red curve). We finally prepared graphene open circuits with appropriate nanogaps, which spatially match the linear backbone length of BPP34C10 host molecules, by optimizing the device fabrication conditions, such as the exposure dose of electron beam and the etching time of oxygen plasma. The optimized results showed that the BPP34C10 connection yield was raised to~25%, that is, 17 of 68 devices on the same silicon chip showed increased conductance. Moreover, statistical analysis (section S5) confirmed that charge transport through the junction was mainly sustained by an SMJ.
To gain an initial understanding of the effect of host-guest interactions on the conductivity of molecular junctions, we initiated complexation by introducing methyl viologen (MV 2+ ), a well-studied guest for the BPP34C10 host, into the CEM-SMJ system. After immersion in a Me 2 SO solution containing 1 mM MV·2PF 6 for 12 hours, the resulting devices (MV 2+ ⊂BPP34C10-SMJ) (Fig. 1C) were rinsed, dried, and tested in the solid state (see Materials and Methods). The electrical currents passing through the SMJs (figs. S4 and S5) showed approximately a one order of magnitude increase on average. The conductance enhancement can be attributed to the host-guest complexation between the MV 2+ cation and the BPP34C10 host present in the SMJ, forming a MV 2+ ⊂BPP34C10 pseudorotaxane.
Real-time electrical measurement
With a temperature-controlling module and a polydimethylsiloxane (PDMS) solvent reservoir ( Fig. 2A) , the characterization of SMJs at the graphene-liquid interface was performed. Time-dependent electrical characterization was carried out, whereas BPP34C10-SMJs were immersed in a Me 2 SO solution containing 1 mM MV·2PF 6 at 298 K. In general, the current-time (I-t) curves obtained (Fig. 2 , B and C) show a series of irregular large-amplitude current spikes, which were not observed in the solid-state characterization (figs. S4 and S5). The resulting current-count histogram (Fig. 2D ) reveals a bimodal distribution centered at 0.36 and 0.24 nA, respectively, indicating the existence of two distinct "high" and "low" states in MV 2+ ⊂BPP34C10-SMJs. In combination with the observation of a change in conductance in the solid state after MV 2+ addition (Fig. 1D) , these results strongly suggest that the current fluctuations between the two distinct levels are related to the association and dissociation processes between the BPP34C10 host and MV 2+ guest molecules at the device-liquid interface. To rule out potential artifacts, we established another two kinds of charge transport pathways using (i) a control molecule [oligo(1,4-phenylene ethynylene)diamine (OPEDAM) (40) ⊂BPP34C10-SMJs, we calculated the transmission spectra of both the BPP34C10 host and the MV 2+ ⊂BPP34C10 pseudorotaxane in the SMJ by using an equilibrium Green's function technique based on density functional theory (DFT), as implemented in the Atomistix ToolKit (ATK) package (see Materials and Methods) (41) (42) (43) . The molecular geometries used in the theoretical calculations were based on x-ray crystallographic data taken from the literature (44, 45) . In particular, the relative location of the MV 2+ dication inside the BPP34C10 host was selected for condensed state computations. For the molecular electronic devices, as depicted in ⊂BPP34C10 were estimated by using the local density approximation (LDA) functional and 1 × 1 × 10 k-mesh (see Materials and Methods). These two systems were separately introduced into a periodic cell along the z direction to obtain their band structures. For BPP34C10, the effective masses of electrons and holes were 0.81 and 2.93 m e (m e = 9.11 × 10 −31 kg), respectively. These values, 0.52 and 1.55 m e for electrons and holes, respectively, were smaller in MV 2+
⊂BPP34C10. The results demonstrate that the mass of electrons is lighter than that of holes, thus once again proving that electron (LUMO) transport is predominant for both BPP34C10 and the MV 2+ ⊂BPP34C10 complex in the graphene-based system. The results are also consistent with the molecular projected self-consistent Hamiltonian (MPSH) spectra (Fig. 3 , C and D) (46) , in which the LUMO of the MV 2+ ⊂BPP34C10 pseudorotaxane SMJ is more delocalized, providing a better conductive channel. These theoretical calculations shed light on the notable current differences observed during both solid-state and device-liquid interface measurements.
Temperature-and solvent-dependent measurements
To investigate the current fluctuations in the MV 2+ ⊂BPP34C10-SMJ system, we recorded the I-t curves of BPP34C10-SMJ devices immersed in the Me 2 SO solution containing 1 mM MV·2PF 6 (see Materials and Methods) at six different temperatures between 273 and 323 K. Similar current spikes and bimodal distributions were observed (Fig. 4, A and B) at each temperature, except for those at 323 K. With the increase in temperature, the current count distributions between the high states (blue curves) and low states (red curves) change gradually. The high states decrease progressively and disappear at 323 K, resulting in an I-t curve (Fig. 4A, top) dominated by the flicker (1/f ) noise. This phenomenon was reproducible (figs. S9 and S10, and section S7) in five different SMJ devices. Considering the fact that the MV 2+ ⊂BPP34C10 complex is less stable at higher temperature as a result of the increased thermal energy (47) , it is reasonable to relate the low and high current levels to the uncomplexed (free) host (Fig. 3E ) and the complexed pseudorotaxane (Fig. 3F) in the MV 2+ ⊂BPP34C10-SMJ, respectively. Because solvents play important roles in host-guest interactions (48), the same experiments were repeated in an aqueous solution of 1 mM MV·2Cl, and I-t curves for the MV 2+ ⊂BPP34C10-SMJ devices were recorded at six different temperatures. The results of these measurements (Fig. 4, C and D , and figs. S11 and S12) show similar bimodal distributions and temperature dependences to those obtained in Me 2 SO, demonstrating the reproducibility and reliability of the SMJ platform as well as validating the relationship between the low and high states and SMJ configurations.
Thermodynamic analysis
In a two-state model where the BPP34C10 host is either free or complexed with MV 2+ in the SMJ system, the binding constants (K a ) can be derived from the Langmuir isotherm K a = a/(1 − a)C (49), where a ⊂BPP34C10-SMJ (blue) in the solid state. The black curve shows that no current occurs after etching; enhanced current (red curve) indicates a successful single-molecule connection; a further increase in current (blue curve) was observed after the addition of MV·2PF 6 .
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is the fraction of the BPP34C10 host complexed with MV 2+ , and C is the concentration of the MV 2+ dications. On the basis of the Gaussian fits of the I-t measurement histograms (Fig. 4, B and D (Fig. 5A, fig. S13 , and Table 1 ⊂BPP34C10 pseudorotaxane connected to two graphene electrodes via amide bonds. (E and F) Schematic representations of charge carriers passing through BPP34C10-SMJ, which is less conductive, and MV 2+ ⊂BPP34C10-SMJ, which is more conductive, according to the computational analyses. 
⊂BPP34C10-SMJ
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(R is ideal gas constant and T is the temperature 
can be attributed to the presence of graphene electrodes, which might improve the efficiency of host-guest interactions. Nevertheless, the changing trends of the thermodynamic parameters obtained from the 1 H NMR experiments are consistent with the thermodynamic data (Fig. 5A and fig. S15 ) obtained from the SMJ system, which also implicates an enthalpically driven complexation between BPP34C10 and MV 2+ , where the host-guest binding is spontaneous at low temperatures, but whose affinity decreases gradually with increasing temperature.
Kinetic analysis
To investigate the relationships between the high-and low-conductance states and the noncovalent bonding interactions in the MV 2+ ⊂ BPP34C10-SMJ, the I-t data were processed initially using a QUB software (Fig. 5B, figs . S16 to S19, and Materials and Methods) (50). These idealized two-level flip-flops were analyzed to provide one set of kinetic parameters for the MV 2+ ⊂BPP34C10-SMJ devices, including the high and low current lifetimes t high and t low (Fig. 5C and figs. S16 to S19), and the corresponding (de)complexation rate constants k a = 1/t low and k d = 1/t high (tables S9 to S14), at different temperatures in both Me 2 SO and aqueous solutions. The dwell time histograms (Fig. 5C) show that most time intervals in between blocking events are at the subsecond level. Considering the architecture of the SMJ device, in which a single BPP34C10DAM molecular wire is attached between the graphene point contacts as the charge transport pathway, the reversible on-site (de)complexation processes are presumably firstorder. In the case of our results, the high-and low-state time intervals are best fitted as a first-order decaying exponential, suggesting that both states are related to a first-order process in the MV 2+ ⊂BPP34C10-SMJ device. In combination with the variations in both the thermodynamic and kinetic parameters at different temperatures (tables S1 to S14), we have been able to confirm that the two-level current fluctuations result from the pseudorotaxane (de)formation processes. The Arrhenius plots of temperature-dependent ln(k) in Me 2 SO and H 2 O (Fig. 5D and  fig. S20 ) demonstrate a linear dependence between ln(k) and 1000/T, from which the activation energies E a and E d of the (de)complexation processes can be derived by using the Arrhenius equation (E a = −38.7 kJ mol −1 and E d = 31.5 kJ mol −1 in Me 2 SO; E a = −46.1 kJ mol
and E d = 38.5 kJ mol −1 in H 2 O). The E a in Me 2 SO is higher than that in water, whereas the E d in Me 2 SO is lower, showing that BPP34C10 has a higher affinity for MV 2+ in H 2 O, an observation that is consistent with the thermodynamic analysis and previous ensemble experiments (51) . Note that the values of E a are negative. This observation is not unreasonable, given the fact that the host-guest reaction is generally known to be a barrier-less elementary reaction, where the reaction relies on the capture of the molecules in a potential well. In the present case, increasing the temperature leads to a reduced probability of the colliding crown ether host capturing the MV 2+ dicationic guest. Therefore, the reaction rates decrease with increasing temperature, resulting in a negative value for E a .
CONCLUSION
In conclusion, we have demonstrated a new and reliable singlemolecule electrical approach in which molecular electronics is interfaced with an analytical system to probe the dynamic behavior of a host-guest complex with high time resolution in a nondestructive manner. We are firmly of the opinion that this SMJ platform is ready to be applied immediately to a variety of label-free singlemolecule chemodetections/biodetections, such as DNA mutation, protein folding, enzymatic activity, and DNA sequencing. In addition, with proven reliability and compatibility with current microelectronic fabrication technologies, graphene-molecule SMJs hold a great deal of promise for the development of low-noise multiplex detection electronics for accurate molecular and point-of-care clinical diagnosis.
MATERIALS AND METHODS
Device fabrication and molecular connection The devices with graphene point contact arrays were fabricated by a dash-line lithographic method described in the Supplementary Materials. Note that a 50-nm-thick SiO 2 layer (the light brown part of graphene devices in Fig. 1 ) was deposited by e-beam thermal evaporation following resistance thermal deposition of patterned metallic electrodes (8 nm/60 nm, Cr/Au). The SiO 2 passivation layers on gold electrode surfaces prevented any direct contact and leakage between the solution and the metal electrodes during the subsequent electrical measurements in Me 2 SO or aqueous solutions.
After the lithographic process, the freshly prepared graphene point contact array devices (five sets in total) were immersed in a pyridine solution with 0.1 mM BPP34C10DAM when carrying out coupling reactions with 1 mM EDCI. After leaving them to react for 48 hours, the devices were removed from the solution, rinsed with deionized H 2 O and Me 2 CO several times, and then dried with a N 2 stream. The as-prepared SMJ devices were ready for solid-state characterization and the addition of MV salts. For MV·2PF 6 addition, the BPP34C10-SMJ devices were immersed in a Me 2 SO solution of 1 mM MV·2PF 6 for 12 hours. The devices were removed from solution, rinsed with deionized H 2 O and Me 2 CO, and then dried with a N 2 stream before electrical characterization.
Electrical characterization
The solid-state electrical characterization (I-V and I-t) was carried out carefully at room temperature in the ambient atmosphere using an Agilent 4155C semiconductor parameter system [direct current (DC) measurements] and a Karl Suss (PM5) manual probe station. The single-molecule dynamics in Me 2 SO and aqueous solutions was monitored with a ziControl program. The electrical current through selected electrode pairs was monitored using a transimpedance current amplifier (HF2LI lock-in amplifier) at a sampling rate of 28.8 kSa/s by a NIDAQ card, realizing a microsecond time scale. The transimpedance amplifier also set a DC voltage to the source-drain electrodes with a bandwidth filter of 1 kHz (1 to 100 nA/V sensitivity). In general, we used the two-terminal device architecture (without use of the back gate) to characterize the device performance at the voltage bias (V bias ) of 100 mV.
Temperature control
The device was fixed on the test stage, which consists of a manual probe station and an INSTEC hot and cold chuck (HCC214S, INSTEC), with a proportion-integration-differentiation control system and a liquid N 2 cooling system, controlling temperature precisely from −120°to 200°C with high-resolution (0.001°C) and ultrahigh-temperature stability (better than ±0.1°C). The proportion-integration-differentiation controller can provide a programmable heating or cooling process with the aid of liquid N 2 and can also be automatically regulated, achieving a constant rate to warm or cool the surface of the chuck. A thermocouple
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was used to monitor the temperature of the solvent reservoir. When thermal equilibrium was reached (~15 min) at particular temperatures, the I-t curves of the SMJ were recorded.
Theoretical calculations
The geometric optimizations for graphene-based electrode systems of the BPP34C10 host and the MV 2+ ⊂BPP34C10 pseudorotaxane ( fig. S21) , which mimic the experimental molecular junctions, were performed using the semiempirical method AM1 within the Gaussian 03 package. Once the molecular structure was relaxed, DFT was used to compute the molecular orbitals. The hybrid functional B3LYP with a basis set of 6-31+G* was used. The transmission spectra were calculated within the framework of DFT combined with an equilibrium Green's function method within the ATK package. The local LDA exchange-correlation functional and the double-zeta basis were used. The kinetic energy cutoff was selected to be 100 Ha. The sampling of the Brillouin zone was 10 × 10 × 100 according to the MonkhorstPack scheme.
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